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CONJUGATED IONIC POLYACETYLENES 6. POLYMERIZATION OF
| 2-ETHYNYLPYRIDINIUM TRIFLATES1-6
" Sundar Subramanyamt, M.S. Chetan?t and Alexandre Blumstein
Department of Chemistry, Polymer Program
University of Massachusetts, Loweli, MA 01854.

Abstract
A new method for polymerization of the acetylenic bond in 2-ethynyl-
—-k':ﬁpyridine and its trimethylsilyl derivativ~ is described. The acetylenic triple bond
) is activated by quaternization of the pyridine nitrogen by methyltrifiuoromethane
-sulfonate (triflate). The resulting N-methylethynylpyridinium triflate salts
polymerize readily to the corresponding poly[N-methylethynylpyridinium
acetylene]iriflates when treated with a nucleophilic initiator such as pyridine, or
with a free radical initiator (AIBN). The product polymers are substituted ionic
polyacetylenes of low DP with extensive backbone conjugation. Spectral data
indicate that the conjugation in these systems is, by far, the highest observed for

substituted polyacetylenes.

Introduction

The introduction of substituents on backbone carbons of tréhs -
polyacetylene offers advantages of improved processability and greater
oxidative stability compared to the unsubstituted state. It results, however, in

substantial lowering of electrical conductivity and of the third order non-linear
optical susceptibility, x5. This is mainly attributed to the loss of conjugation that

t Present address: Metaphase Corpn., Tyngsboro, MA.
1t Present address: (WAC), W.R. Grace & Co., Columbia, MD.
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IR (cm™1) 3251 (= C-H stretching), 2121 (C=C stretching), 1260 (S=0
unsymmetric stretch), 1030 (S=0 symmetric stretch); UV, (CH3CN) Amax C=C
(nm) 260; Anal. (Calc. %) C =40.45, H=3.00, N =5.24, S = 11.98; (Found %
C=4029,H=290,N=5.15 S =12.14.

2-(trimethylsilyl-N-methylethynyl)pyridiniumtriflate 9 . Was prepared in an
identical manner using 1.3g (6.84x10-3 mol.) of 2-(trimethylsilylethynyl)pyridine
and 1.0g, (5.7x10-3 mol.) of methyltrifluoromethanesulfonate. The crude product
was obtained as a white solid that was recrystallized from toluene (1.8g). It was
readily soluble in polar solvents; mp 81°C (DSC).

IR (cm'1) 2119 (C=C stretching), 1274 (S=0 unsymmetric stretch), 1030 (S=0
symmetric stretch); UV, (CH3CN) Amax C=C (nm) 256; Anal. {Calc. %)
C=42.48,H=4.72, N=4.13, S=9.44; (Found %) C = 42.21, H=4.72, N = 4.07,
S =9.48.

Poly(N-methyi-2-ethynylpyridiniumacetylene)triflate 8p: Polymerization was
carried out by three methods: {a) initiation with 1-2 mol % of pyridine in CH3CN
or in DMSO at 20°C for 24 hrs and (B) initiation with 0.5 mo! % of 2,2'-azobis-
(isobutyronitrile) (AIBN) at 70°C for 15 hrs and (y) thermally by heating at 170°C
for 1hr. in a sealed ampouie under argon atmosphere (Note: The monomer salt
polymerizes when heated in air to its melting point) . The prodbcf polymers
were purified by removal of solvent followed by extraction with ether. They were
then dissolved in acetonitrile and reprecipitated in ether. All samples were

dried in vacuum at 40°C for 24 hrs. The polymer structures were confirmed by

spectral methods and elemental composition.




8pa: IR cm-! 1613 (backbone C=C stretch), 1260 (S=0O unsymmetric stretch),
1030 (S=0 symmetric stretch); UV, Amax C=C (nm), 588 ; ninh, (dlyg) 0.25.
Anal. (Calc. %) C = 40.45, H=3.00, N = 5.24; (Found %) C = 42.55; H = 3.90;
N =6.19.

8pB : IR cm-! 1620 (backbone C=C stretch), 1260 (S=0O unsymmetric stretch),
1029 (S=0 symmetric stretch); UV (CH3CN), Amax C=C (nm), 384, 908 (710 in
H20) ; ninh, (DMSO), 0.05 dl/g. Anal. (Calc. %) C =40.45, H = 3.00, N = 5.24,
S =11.98; (Found %) C =39.04; H=3.13;N=5.12; S= 11.98.

8py : IR cm-1 1622 (backbone C=C stretch), 1260 (S=0 unsymmetric stretch),
1C28 (S=0 symmetric stretch); UV (CH3CN), continuous band trailing to 900
nm; Ninh, (CH3CN}), 0.05 di/g.

Poly(2-trimethylsilyl-N-methylethynyljpyridiniumacetylene)trifiate 9p :

Was prepared in a similar manner using method («). The polymer was isolated
as a black lustrous solid that was soluble in chloroform but insoluble in ether.
IR (method a) cm-1 1620 (backbone C=C stretch), ; UV, (CHaCN) Amax C=C
{nm), 574 (shoulder), 610 ; ninh, (CH3CN), 0.2 dL/g; Anal. (Calc. %) C = 42.48,
H=4.72,N=4.13; (Found %), C = 43.53; H = 3.59; N = 6.63.

Results and Discussion:
Thermal properties

Monomer triflate salts 8 and 9 are crystalline solids that are thermally
stable at room temperature in the solid state and as solutions in non
nucleophilic solvents. The DSC thermogram of 8 shows two endotherms at
100°C and 155°C upon heating that arise from a crystal-crystal and a crystal -

isotropic transition respectively. This is immediately followed by a broad

exotherm likely resulting from thermal polymerization in the melt (Figure 2).




The crystal-crystal transition at 100°C is completely reversible through
successive heating and cooling scans below the crystal melting temperature.
The TGA thermogram of monomer 8 shows no weight loss until 360°C [Fig.2
(inset)], which precludes the possibility of loss of hydrated water that 1night
contribute towards this endothermic transition. Furthermore, it is evident that the
large exotherm is not due to a degradative decomposition of the monomer,
since no weight loss is detected at this temperature. This is confirmed by the
thermal behavior of polymers 8pa, B and v, all of which show a major weight
loss starting at 360°C. The thermal stability of these polyethynylpyridinium
triflates is substantially higher than that ¢ the corresponding iodides4. Their
oxidative stability is similar to the iodides (TGA thermograms in air and in
nitrogen are identical with respect to the degradation temperature for respective
polymers). The thermal behavior of the ethynylpyridinium triflate monomers is
similar to the corresponding 4-N-alkylvinylpyridinium triflates which alsc
undergo spontaneous polymerization upon melting to give polyvinyl-4-N-alkyl-
pyridiniumtrifiates. 10,11

Melt polymerization in an inert atmosphere of monomer 8 resulted in a
black, polymeric product which is indicative of a conjugated polyene backbone.
Its infrared spectrum shows a band at 1622 cm™1 (C=C stretch), while the
acetylenic bands of the starting monomer are absent. The UV-visible spectrum
exhibits a continuous absorption band trailing to 900 nm in the near infrared
region. This is perhaps indicative of a wide distribution of conjugated polyene
segments with low molar masses (ninh = 0.05 dL/g).

The thermal behavior of monomer salt 9 is markedly different from that of
8. Figure 3 shows the DSC thermogram for the monomer, which shows a
possible crystal-crystal transition at 70°C that is immediately followed by

crystalline melting. The crystal-isotropic transition occurs at a much lower

v .




temperature (ca 81°C), and results in a stable isotropic melt. No thermal
polymerization was observed until its decomposition temperature (150°C) as is
evidenced from the TGA thermogram of the monomer {Fig. 3 (inset)]. The
relatively lower crystalline melting temperature and the poor thermal reactivity
for 9 can both be attributed to steric factors introduced by the bulky trimethylsily!
substitutent, which is also responsible for its lower decomposition temperature.
Table 1 lists the crystal-crystai transition, melting and decomposition
temperatures together with corresponding enthalpies for monomers G and 9.
The thermal reactivity of the acetylenic triple bond in 8 is not surprising. It
is well known that activation of the carbon-carbon triple bond by introduction of
strongly electron withdrawing groups on the acetylenic carbons enhances their
reactivity. The increacsed reactivity of the acetylenic bond in the quaternized
ethynylpyridines is attributed to the strongly electron-withdrawing nature of the
pyridinium substituents, which effectively lower the energy of the Lowest
Unoccupied Molecular Orbital (LUMO) of the acetylenic moiety.12 A Liels-Aider
reaction involving ethynylpyridinium salts was first reported by Yamashita and
coworkers12.13 who observed that 1,2-bis-2-pyridyl and 4-pyridylethynyl-
pyridinium salts showed substantially enhanced dienophiliz character and
readily underwent cycioaddition with cyclopentadiene. The corresponding
uanaternized bis-pyridylethynes, however, do not undergo cycloaddition even
under drastic conditions. The reactivity of the acetylenic moiety is also greatly
dependent on the position of the nitrogen atom in the pyndinium group with
respect to the triple bond. The acefylenic bond in 1,2-bis-2-pyridiniumethyne,
for example, was found to be most reactive in Diels Alder reactions, followed by
the corresponding 4-pyridinium derivative. The 3-pyridinium salt in contrast,

showed poor reactivity even under severe conditions since the pyridinium

nitrogen is not in conjugation with the acetylenic triple bond.13 From the present
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study, it is evident that such activated triple bonds are also susceptible to a free
radical attack.
Polymerization initiated by nucleophiles

The monomer triflate salts 8 and 9 polymerize readily in polar solvents
such as CH3CN and DMSO in the presence of a nucleophilic initiator such as
pyridine. The product polymers 8pa and 9pa are black, lustrous solids that are
hygroscopic and soluble in polar solvents and in water. Their infrared spectra
indicate the absence of the absorption bands due to the acetylenic group that
occur at 3251 and 2121 cm™1 (=C-H and C=C stretch ) for 8 and 2119 cm-1
(C=C stretch) for 9. They are replaced by a strong bands at 1613 and 1620
cm-1 respectively which arise from the backbone C=C stretch. Figure 4 shows
the IR spectra for monomer 8 and polymer 8pa. The UV-VIS spectra for
polymers 8pa and 9pa show strong absorption bands at 598 and 610 nm
respectively compared to the corresponding monomer salts that do not absorb
beyond 330 nm. This is indicative of their extensively conjugated structures.
The similarity in the absorption maxima for 8pa and 9pa is surprising in view of
the bulky trimethylsilyl (TMS) substituents in the latter. Modeling studies
performed by us on such systems using dynamic mechanical simulation
methods have shown that both the trans-transoidal and cis-transoidal
conformations are energetically favored.” Both conformers give rise 1o a
conjugated polyene backbone due to ‘strong electrostatic interactions between
the side group pyridinium rings and the counterions. This is supported by the
fact that monomers 8 and 9 when polymerized by molecular bromine resulted
in conjugated polyenes of which only the polymer derived from 8 displayed
excimer fluorescence.5 Stacking of pyridinium rings along the backbone is
possible only in a trans-transoidal conformation. This suggests that a trans-

transoidal .onformation is probably favored in the former and cis-transoidal
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one in the latter, thus obviating the steric factors that are associated with the
bulky TMS groups.

The present polymerization reactions presumably occur via a
nucleophilic attack by pyridine on the acetylenic carbon of the monomer sait. It
is proposed that the reaction proceeds via an initiation step that involves the
formation of a macrozwitterion (Scheme 1). The addition of tertiary amines such
as pyridine to activated acetylenes is known to proceed via a bimolecular
nucleophilic addition that results "1 the formation of a zwitterion.14 Although this
intermediate ion has not been isolated for amine initiated reactions, the vinyl
anion that is formed has been isolated and trapped in the reaction of acetylene-
bis-methylcarboxylate upon initiation with triphenyl phosphine.’5 Based on
orbital considerations, it has been suggested that an open, stereo stable ‘anti
anion is formed, resulting in the anti course of the 1,2 addition.'® The non
spontaneous, nucleophile initiated polymerization of these ethynylpyridinium
triflate salts also tends to substantiate the activation and initiation steps
proposed by us previously for the spontaneous polymerization of
ethynylpyridines via a Menschutkin reaction.4 An initiation step involving a
nucleophilic attack on the acetylenic carbon of the activated, quaternized
monomer by unquaternized species was envisaged for those reactions. The
exact nature of the reaction mechanism, however, remains unclear at present.
A detailed kinetic study is ongoing and will be the subject of a separate paper.

The molecular weights of the present polymers did not, however,
increase substantially (m;nh = 0.2-0.25 dL/g) in spite of eliminating the
possibility of termination by excess quaternizing agent that posed a problem in
the spontaneous polymerizations. This implies that an alternative rapid
termination process is operative here. A possible explanation could lie in the

macrozwitterionic nature of the propagating species proposed in Scheme 1.

10




Polymerization of vinyl monomers initiated by neutral nucleophilic ihitiators

have been known to result in low degrees of polymerization (Dp).14 This is

generally attributed to two factors (i) substantially reduced nucleophilicity of the

zwitterionic species generated upon initiatiﬂoh and due to the proximity of

opposite charges; the subsequent propagation step is, therefore, slow and (ii)

lack of stabiliza_tion for the carbanion in the growing polyene chain possibly

: resﬁltin.g. m a rapid termination. Stabilization of the carbanion in the g;owing 7
polymer chain has been found to be an important factor that leads to increase in
malecular weight for polymerizations via zwitterionic propagationi.'4 In the case
of highly stébilized carbanions, the polymerization acquires a living character at
very low temperatures.16-18 Qur modeling studies reveal that the side group
pyridinium rings are nearly orthogonal to the polyene backbone.” This
suggests that the intermediate carbanion is not greatly stabilized by the
pyridinium substituents thereby resulting in low molar masses. The possnbnhty
~ of termination by chain transfer to monomer is, thérgfo;e an addmonai factor
that could have an adverse effect on the Dp in these reactlons
The formation of cyclic side products during polymerization of the

monomer triflate salts 8 and 9 was also examined. In a recent baper, Fife et ai®
reported that in the reaction of 1-methyl-4-ethynylpyridiniumtriflate in agqueous
DMSO upon heating to 100°C for 2 hours, cyclotrimerization of the monomer

salt occurred to form 1,é,s-tn's(1-methyl-4~pyridino)benzene triflate in addition to

a polymeric product. The corresponding N-protonated triflate, however, did not -

result in a cyclic compound.® Attempts to isolate such cyclic trimerization
products by precipitation methods used in the above study were unsuccessful
for monomer saits 8 and 9 polymerized under the reaction conditidns outlined
in the present study. We believe that the formation of cyclic products to be

highly unlikely in the present case due to the following (i) the steric factors

11 :




involved with the alkyl substituent on the pyridinium nitrogen in the 2- position,
especially in the case of monomer 9, wherein the formation of a cyclic trimer
would be severely hindered by the bulky trimethylsilyl group (ii) substantially
lower reaction temperatures (reactions were run at 0° and 20° C) in non
aqueous solvents; both 2- and 4—ethynyipyridinium triflate salts are stable in
solutions of water and DMSQO at these temperatures and (iii) low concentration
of the nucleophilic initiator (1-2 mol %).

The conjugation lengths based on spectral data for the ionic
polyacetylenes obtained by the presently described non spontaneous method
is greater compared to those obtained by methods involving spontansous
processes46 and is, by far, the highest reported for substituted polyacetylenes.
Table 2 lists the spectral data and the calculated conjugation number n for ionic
polyacetylenes synthesized by different methods. Contribution to Amax from the
charged pyridinium chromophores is unlikely, since no substantial shift is
observed in the absorption maxima of poIy-4-vinylpyridiniumb‘romide compared
to the corresponding uncharged poly-4-vinylpyridine (260 and 250 nm
respectively).19

We have previously determined that the conjugation number ()
obtained from the absorption maxima for such ionic polyenes (using the Lewis
Calvin equation20.21) may be correlated to their degree of polymerization (Dp),
assuming fully conjugated backbone. This was substantiated by comparing the
calculated Dp with the experimenta{ one determined from Mp measured byA
vapor pressure osmometry.6 It was found that n can be related to Dp (within
the experimental error of 20%) for up to n = 16.6 Based on these resuits
polymers 8pa and 9pa should have Dp values of 2 16. It must be emphasized
however, that the calculated values of n are only an approximate, since the

relation A2 = kn becomes increasingly nonlinear and saturates at about 30 for
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conjugated polyenes.2?2 Based on a band gap energy of 2.4eV for fully trans-
polyacetylene, the Amax (C=C) saturates at ~630nm.22 Hznce the C=C
absorption maximum is no longer sensitive to the conjugation number of the

polyene chain.

Polymerization with free radical initiator

Polymerization of monomer salt 8 with azobisbutyronitrile (AIBN) in
acetonitrile resulted in a black solid (8pf) whose infrared spectrum resembied
those of the ionic polyacetylenes obtained by using a nucleophile initiator. The
acetylenic =C-H and C=C bands of the monomer are replaced by a strong
band at 1620 cm-1 from the backbone C=C stretch. The molecular weight of the
resulting polymer is very low ( ninp = 0.05 dL/g) i.e. in the oligomeric range. This
is also supported by the C=C absorption band at 384 nm which is in contrast to
the corresponding polymer obtained by nucleophilic initiation that occurs at 598
nm. The UV/VIS/NIR spectrum of 8pp ,.hov'-;ever, shows a long aneiength
absorpfidh béna at 908 nm that waé not dis.played by corresponding polyénes
obtained by other methods. Figure 5 shows the UV/VIS/NIR spectra of
monomer 8 and polymers 8pa, B and v.

The low value of minn oligomer 8pp is similar to those obtained by Gal et
al23 in the attempted polymerization of 2- and 4-ethynylpyridine using transition
meta! catalys’;s. This is in contrast to the polymerization of phenylacetylene by
coordination catalysts which yield high molecular weight polyacetylenes.24 An
unfavorable chain transfer termination process that competes effectively with
propagation might possibly account for the low molar masses foi";éthynyl
pyridine and its derivatives.

Unlike 8, mbnorner 9 did not undergo a polymerization reaction by free

radical initiation; the starting monomer was recovered after reaction with AIBN

13
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for 30 hours. introduction of a trimethyisilyl group on the acetylenic carbon in 2-
N -methylethynylpyridinium triflate drastically affects the susceptibility of the
acetylenic bond to free radically initiated polymerization. This is also evidenced
by the reluctance of 9 to undergo thermal polymerization upon melting. This is
not surprising, since it is well known that free radical initiation of monomers
containing 1,2 disubstituted multiple bonds is difficult.

The UV-VIS/NIR spectra of 8pj show some remarkable solvent
dependent propenties that were not observed for the corresponding
polyacetylenes obtained by other methods. The spectrum recorded immediately
upon dissolution in acetonitrile showed an absorption band at 908 nm trailing to
1050nm (near [R) and another at 384nm. The longer wavelength band
underwent a hypsochromic shift with time, reaching an equilibrium value at 854
nm. When the polymer was dissolved in water, a large hypsochromic shift of
this band to 710nm occurs, together with a decrease in intensity of the shorter
wavelength absorption. The color of the polymer solution changes from red-
brown in acetonitrile to blue in water. Figure 6 shows the UV-VIS/NIR spectra of
the polymer in' the two solvents. Addition of water to an acetonitrile solution also
produces the hypsochromic shift. The progressive shift in the absorption
maximum of the long wavelength band as a function of time in an acetonitrile-
water solution of fixed composition is shown in Figure 7. The spectra pass
through an isobiestic point at 765 nm, which suggests that the conformational
change giving rise to this solvatochromic shitt is an equilibrium process. This is
also supported by the fact that complete evaporation of solvent from an
aqueous solution of the polymer followed by its redissolution in acetonitrile
produces a bathochromic shift of the long wavelength band in the absorption
spectrum, which resembles the one oniginally recorded in this solvent. Such

solvatochromic behavior which is more commonly observed for soluble

14




polydiacetylenes and is attributed to backbone conformational ahanges in
solution?5.26, js unusual for polyacetylenes due to their rigid backbones. The
present example provides, what we believe, to be the first known example of
solvatochromism in polyacetyienes. Additiona!!y, both the wavélengths of the
absorptlon maxima and the magnltude of the shlft is substantlally larger than
.'those reported for polydracetylenes I
v .‘The factors responsible for the solvatochromic effect in the present
palyene are not completely understood in view of its rigid structural
characteristics that does not allow for conformational changes in the backbone.
A tentative explanation of this most interesting effect is that it may be due to the
presence of structural defects in the polyene backbone that are introduced by
free radical polymerization such as a more frequent "tail to tail" sequencing -

than in the corresponding polyene prepared by nucleophile initiation. Such

defects would i increase the distance between adjacent pyridinium rings, which

.....

would now require a near coplanar arrangement of the rings with respect to the

backbone for efficient mteractnon wuth the tnﬂate counterions. This is in contrast

e e - PSR —-em. e e T el e W e W eew

to the regular "head to tarl" arrangement wherem the rings are close to

orthogonal for such an interaction. Such a coplanar conformation would result

in a substantial reduction in the band gap energy that in tum, would cause the

absorption band in the electrznic spectrum to shift to the near infrared region.
Modeling studies by Orchard and Tripathy27 on the effect of substitutent
conformation on the electronic properties of substituted polydiacetylenes using
dynamic mechanical simulations is in support of this view. Their study showed
that a coplanar conformation of an electron withdrawing substituent with the
poljrene backbone results in a substantial decrease in the band gap energy
compared to a non coplanar arrangement. This is reflected by a large red shift

in the absorption spectrum for the coplanar arrangement with respect to the

15




non coplanar one. The instantaneous spectrum of polymer 8pB in acetoniifile
may be approximated to that in the solid state wherein pyridiniurﬁ rings at defect
sites are in a COpIanar arrangement, with adjacent rings interacting with the .
triflate countenons Solvation of the pyndlnlum groups (and of the countenons)

at defect sates wou!d consxderably reduce thzs interaction, thus anowmg for

rotanon to a non planar conformatlon This would explam the progress:ve blue .

' _shn‘t in the absgrptxon spectrum with increasing solvation. The high degree of

solvation in water compared to acetonitrile could account for the larger
hypsochromic effect in an aqueous solution. This aspect is being currently -

investigated in detail and will be the subject of a separate paper.

Summary

The preparation of activated ethynylpyridinium monomers enables the
separauon of the quatem:zation (actwatlon) step from the»r polymenzanon Ttve
activated monomers can be polymerized in a controlled manner with —
apprdbriate initiators. The presently described non spontaneé'ﬁs method for
polymerization of activated acetylenic monomers provides a relatively simple
route for the synthesns of substituted ionic polyacetylenes with backbone
conjugation lengths that are relatively higher than those obtained by

spontaneous processes. These activated monomers aiso allow polymerization

of the acetylenic triple bond via free radical initiation; the latter process, is most -

unusual, since the acetylenic bond is not very susceptible to free radical
initiation. The oligomer obtained by radical initiation displays a most interesting
solvatochromic effect which is uncommon for polyacetylenes. This could be of

considerable interest especially in terms of its possible high third order non
linear optical susceptibility (X3)-

16
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Table 1. Transition temperatures (°C} and enthalpies of transition (J/g) for

2-ethynylpyridiniumtriflate salts

Monomer TK-K AHkk  Tm AHm To AH, T4t

8 100 49.9 157 33.2 170 -570 360

9 70 5.8 81 578 - - 150 :

Transition temperatures and enthalpies measured by DSC
TDecomposition temperatures from TGA

K-K = crystal-crystal; m = melting; p = polymerization; d = decomposition
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ABSTRACT: The spontaneous polymerizaticn of the acetylenic bond in 2-ethynylpyridine in concentrated
hydrochloric acid resulted in a substituted, extensively conjugated ionic polyacetylene bearing protonated
pyridinium side groups. The conjugation length for the polymer was much greater than those obtained by
spontaneous processes via a Menachutkin reaction or by complexation with bromine. Base-catalyzed de-
protonation of the polymer resuited in a substantial decrease in backbone conjugation. The physical and
spectral data prior to and after deprotonation correlate well with calculated values ang provide insight into
the structural and conformational characteristics of the polymer.

Introduction

In a series of recent papers, we have reported a new
family of mono- and disubstituted ionic polyacetylenes
that possess extensive backbone conjugation.’* Such
conjugated structures for disubstituted polyacetylenes
were hitherto unreported. The polymerization reaction
involved activation of the acetylenic triple bond in ethy-
nylpyridine and its derivatives by quaternization via a
Menschutkin reaction® or by formation of donor-acceptor
complexes with bromine.> Figure 1 shows the activated
monomers obtained in these reactions. Both methods
were, however, limited by relatively low molecular masses
{~4000) for the product polymers. The reaction mech-
anism in these spontaneous processes is an ionic one, since
radical inhibitors do not affect the polymerization. The
overall process is similar to that observed for the spon-
taneous polymerization of 4-vinylpyridine upon quater-
nization by alkyl halides.6’

The low molar masses for these ionic polyacetylenes
obtained via quaternization may be attributed to relatively
slow activation of the triple bond (which results in a low
concentration of the activated species) compared to rapid
propagation and termination steps. Fifeetal. haveshown
that the quaternization of 4-vinylpyridine by ethyl bromide
or ethyl tosylate is a rather slow reaction with t;/2 = 1000
min.? In view of this, an alternative method was sought
for a more rapid activation of the monomer. Such methods
involve use of a highly reactive quaternizing agent in high
concentrations.

In this paper, we report the polymerization of 2-ethy-
nylpyridine by astrong acid. The reaction of 2-ethynylipy-
ridine in concentrated hydrochloric acid resulted in
spontaneous polymerization of the acetylenic triple bond
giving a highly conjugated, ionic polyacetylene. The
proposed structure for the polymer is illustrated in Figure
2.

Experimental Section

Materials. 2-Ethynylpyridine was obtained from Farchan
Laboratories and distilled under vacuum before use. Concen-
trated hydrochioric acid was obtained from VWR Scientific Co.
and used as received.

Measurements. Infrared spectira were recorded on a Perkin-
Eimer 1600 Series Fourier transform spectrometer using KBr
plstes. UV absorption spectra were obtained at 22 °C in DMSO
and chloroform on an IBM 9420 visible-ultraviolet spectropho-
tometer. Thermal analyses were carried out on a Du Pont TGA
2950 thermogravimetric analyzer. X-ray diffraction patterns of
unoriented samples were obtained on a Rigaku Geigerflex X-ray
diffractometer equipped with a Wahrus {lat-plate camera using
Ni-filtered Cu Ka radiation. Dilute-solution viscosity measure-

0024-9297 792 '2225-4058%03.00 0

H H
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| 2
;/R :‘_/Br
O x© Ojar-
a: R = alkyt b
X e Br, |, CHySO,

Figure 1. Activated 2-ethynylpyridine monomers obtained by
(8) a Menschutkin reaction and (b) a complexation reaction with
bromine.

Vilip

Figure 2. Proposed structure for conjugated, ionic polyacety-
lene resulting from spontaneous polymerization of the acety-
lenic triple bond of 2-ethynylpyridine.

ments were made in DMSO and chloroform at 25 °C using &
Cannon-Ubbelohde dilution type viscometer. Molecular weight
determination by vapor pressure oemometry was made on & UIC
Inc. 070 vapor pressure gemometer in chloroform at 30 °C.
Calibration was done with low molecular weight polystyrene (M,
= 2000) with an estimated error of 5%. Fluorescence spectra
were obtained on & Perkin-Elmer MPF-44B fluorescence spec-
trophotometer equipped with 8 PE 150 xenon source in con-
junction with a Stanford Research System Model SR440 DC
300-MHz amplifier and & SR400 two-channel gated photon
counter. Allspectrawererecordedin DMSQat22°C. Excitation
wavelengths of 360 and 265 nm respectively were used for the
protonated and deprotonated form of polymer VIIlp. Elemental
analyses were performed at Atlantic Microlabs, Atlanta, GA.

Poly(2-pyridinium hydrochloride-2-pyridylacetylene) Co-
polymer VIIlp. To neat 2-ethynylpyridine {2.06 g, 0.02 mol)
stirred at 0 °C was added dropwise concentrated hydrochloric
acid (0.71 g, 0.02 mol). An exothermic reaction ensued, and the
reaction mixture acquired a dark colorimmediately accompanied
by a rapid increase in viscosity. The polymer separated out as
a black solid mass It was washed repeatedly with ether and
dried overnight in vacuum at 40 *C. The dry polymer was
obtained as a lustrous black powder (2.0 g) that was readily solubie
in water and DMSO but insoluble in chloroform.

IR (cm™): 3414 (br, hydrogen-bonded ring ==NH stretch),
1617 (backbone C==C stretch}, 1605 (aromatic ring C==C stretch).
UV: Apas C=C (nm) 530. n,: DMSO (dL/g) 0.2. Anal. Caic:
C.70.88; H, 4.61; N, 11.81; C], 12.70. Found: C, 70.25; H, 4.82;

€ 1992 American Chemical Society
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Figure 3. Infrared spectra of (A) 2-ethynylpyridine and (B)
polymer VIlip.

N, 11.80; Cl, 12.75.

Deprotonation of Poly(2-pyridinium hydrochloride-2-
pyridylacetylene) Copolymer. The protonated polymer VI1-
IIp (1.0 g) was dissolved in 50 mL of deionized water, and to the
stirred solution was added slowly 100 mL of 1 M KOH. Stirring
was continued for 12 h, during which time the deprotonated
polymer precipitated out as a dark solid. This was extracted
with chloroform, and the combined otganic layers were dried
and the solvent evaporated under reduced pressure to yield a
lustrous black solid. This was dried overnight in vacuum at 40
°C. Thedry polymer (0.5g) wassoluble in chioroform and DMSO
but insoluble in water.

IR (cm™1): 1634 (C=C), 1585 (aromatic Ca=C). UV: Ay, C=C
(nm) 419. na: DMSO(dL/g)0.2. Anal. Calc: C,79.27; H, 4.82;
N, 13.20; Cl, 2.71. Found: C, 75.20; H, 4.67; N, 12.33; C], 3.01.

Results and Discussion

The polymer obtained by the bulk polymerization of
2-ethynylpyridine in concentrated hydrochloric acid is a
black lustrous solid indicative of the highly conjugated
natura of the backbone (Figure 2). This is evident from
its infrared spectrum, which reveals a strong absorption
band at 1617 ecm™! due to the C=C stretch from the
backbone carbons. Furthermore, the ®CH and C=(C
stretching bands at 3290 and 2108 cm™!, respectively, that
are present in the monomer are absent in the product
polymer (Figure 3). The highly charged nature of the
polymer is evidenced by the broad, intense band at 3400
cm-! that arises from th. ==NH stretch of the side-group
pyridinium rings and is indicative of the strong hydrogen-
bonding effect due to the charged nature of the side groups.
This band is characteristic of all polymers reported by us

Conjugated Ionic Polyacetylenes. 5 4059

Absorbance

300 500 700 260

Wavelength (nm)

Figure 4. UV-visible spectra of (a) monomer and polymer V1-
Ilp in the (b) deprotonated and (c) protonated forms.

previously possessing similar structures, including disub-
stituted polyacetylenes.®3 The UV-visible spectrum of
polymer VIIIp showed a strong absorption centered at
530 nm resulting from the x—r* transition of the conjugated
polymer backbone. Figure 4 showsthe UV-visiblespectra
of the monomer and polymer VIIlp. The polymerissoluble
in DMSO and in water but not in chloroform, which is
characteristic of its ionic nature.

The present polymerization can be compared to that of
4-vinylpyridine in concentrated acids reported by Sala-
mone® and later by Ringsdorf.’>!} The former study
concluded that an ionic mechanism is unlikely in such
strongly protic media and that the polymerization probably
proceeds by a step-growth process. The latter study
proposed a mechanism wherein the polymerization of the
protonated vinylpyridine occurs in an ordered array of
the pyridinium halide molecules. The polymerization of
2-ethynylpyridine also occurs in the protonated monomer
which activates the acetylenic triple bond. Since the
spontaneous polymerization occurs only in the presence
of excess unquaternized monomer (no polymerization was
observed when monomer was added to excess acid), we
conclude that the initiation step occurs via the nucleo-
philic addition of unquaternized monomer to the triple
bond of the quaternized activated species. This is also
supported by the fact that the isolated monomer salt failed
to undergo polymerization in concentrated HCl. The
propagation step, therefore, appears to proceed in 8 manner
analogous to that suggested by Ringsdorf et al., wherein
immediate termination via protonation does not occur.
The molecular mass of polymer VIIIp is, however, low
(ninp = 0.2 dL/g) suggesting that termination step(s)
compete effectively with chain propagation.

A unique characteristic that distinguishes the present
polyacetylene from the ones obtained by us via the Men-
schutkin reaction or complexation with bromine is that,
unlike the previously described systems wherein the
charged side groups consist of either alkylpyridinium or
bromopyridinium moieties, it has protonated pyridinium
ring substituents. This allows for relatively easy depro-
tonation of the ionic polyene in basic media, giving rise
to a largely neutral species. Such a transformation in the
previously reported materials would involve drastic con-
ditions and elevated temperatures at which polymer
degradation becomes a serious problem.
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Table
Elemental Composition (%) of Poly(2-pyridinium
hydrochloride-2.pyridylacetylene) Copolymer before and
after Deprotonation by Base

mol formula C H N Cl

prior 1o [C);H;]ClN]n calc 70.88 4.61 11.81 12.70
deprotonation found 70.25 4.82 11.80 12.75
treated with [C14Hs(0.1)-  cale 79.27 4.82 13.20 2.71
KOH CIN}.® found 75.20 4.67 1233 301
» Agsuming 10% residual chloride ions.
Scheme
H H “ B H
i ! ' | i
] 1 . 1 1
i

) i+ @ )\+:’-_5-i
Ni 4w AR (\N L — AN :N'\
@ \O) C! Dimerization (\J - @

T
Py )\/K
\j;‘#‘"-g"l " DN
@N /\' @N NO
= cl 'k/

Propagation
— ——

Py = unquatemized monomer

The analytical data of polymer VIIIp fit remarkably
well with a structure wherein only 50% of pyridine rings
in the polymer contain quaternary nitrogens (Table I).
These results imply the incorporation of unquaternized
wmonomeric units in the polymer chain even prior to de-
protonation of the pyridinium ring side groups. A possible
explanation for this could be the formation a dimeric
complex between a protonated and an unprotonated mon-
omeric species via intermolecular hydrogen bonding. This
would then provide sufficient activation for the triple bond
in the unquaternized molecule for it to undergo polym-
erization. SchemeIillustrates the proposed reaction mech-
anism for the polymerization. Such dimer formation has
also been reported in partially protonated poly(2-vinylpy-
ridine) between two adjacent pyridine side groups, one of
wbich is protonated.'? A charge-transfer complex polym-
erization mechanism is also possible via the formation of
a weakly reactive charge-transfer complex biradical be-
tween the protonated and unprotonated ethynylpyridine
molecules. The low molecular weight of the polymer and
lack of temperature dependence of M, however, suggest
that the latter mechanism is unlikely.

Treatment of VIIIp with agueous potassium hydroxide
solution gave a compound that possesses approximately
20% of the original charges (based on halide ion content).
Table I lists the analytical data before and after depro-
tonation. Assuming that these residual charges are due

Macromolecules. Vol 25, No. 16, 1992

to charged end groups that cannot undergo neutralization,
the DP of the polymer is approximately 12 ethynylpyri-
dine units. Although the deprotonated polvacetylene
retained its black color, remarkable changes were observed
in its spectral properties. The UV-visible spectrum
showed a large blue shift for the x—x* transition of the
conjugated polymer backbone compared to the protonated
form. The absorption maximum shifted from 530 nm for
the protonated form to 419 nm for the deprotonated one.
Figure 4 shows the change in the absorption maxima of
polymer VIIip before and after treatment with base. The
large hypsochromic shift observed in the present polymer
on deprotonation results from reduced conjugation pre-
sumably from backbone twist introduced upon deproto-
nation and is not due to a change in the pyridinium
chromophore. This is substantiated Ly the fact that the
UV-visible spectra of protonated poly(2-vinylpyridine)
and neutral poly{(2-vinylpyridine) do not differ much,
displaying absorption maxima at 260 and 250 nm, re-
spectively.!? The backbone twist may be attributed to
the absence of electrostatic interactions between the coun-
terions and the pyridinium rings that were present in the
protonated form, thereby resulting in the steric interaction
between the side groups becoming a dominating factor.
This view is also supported by the fact that the A, (C=C)
for the backbone undergoes a bathochromic shift on re-
protonation from 419 t0 460 nm, trailing t¢ ~800 nm. The
deprotonated polymer is no longer water soluble but is
readily soluble in chloroform due to its considerably
diminished ionic character.

The reduced backbone conjugation in the deprotonated
form of V1I1p is also supported by its IR spectrum, which
shows a corresponding high-frequency shift of the back-
bone C=C stretch from 1617 to 1634 cm~!. The aromatic
ring C=C band shifted from 1605 cm™! for the protonated
form to 1585 cm™! for the deprotonated one, which is
identical to that observed for 2-vinylpyridine (1586 cm™1).12
The C=N stretch of the pyridine ring occurring at 1458
cm™! for the ionic form is shifted to 1467 cm™! upon de-
protonation, again being similar to that of 2-vinylpyri-
dine (1472 cm1).!13 The intense band at 3400 cm™ due to
the hydrogen-bonded pyridinium ring =NH stretch in
the protonated form disappeared almost completely on
deprotonation. Figure 5 shows the IR spectra of polymer
VIHIpinits protonated and deprotonated forms. The latter
spectrum contains weak but distinct bands at 3292 and
2102 cm™! from the acetylenic ==CH and C==C stretching
found in the monomer. From the mechanism depicted in
Scheme I, the initiating chain end of polymer VIIIp is an
ethynylpyridinium unit linked through the quaternary py-
ridinium nitrogen. The residual bands may, therefore, be
attributed to the end groups in the polymer. This was
confirmed by performing an end-group analysis based on
the acetylenic =CH stretching band. The relative in-
tensity of this band at 3290 cm™! for the starting monomer
was compared with that for polymer VIIIp after depro-
tonation. The intensities were normalized using the 8-
ring bending band of the pyridine ring. This band occurs
at 738 and 749 cm! for the monomer and polymer,
respectively, and its intensity is unaffected by the nature
of the substituent on the ring, i.e., alkynyl or alkenyl (8-
ring bending for 2-vinylpyridine occurs at 745 cm™).
Comparison of the infrared absorption ratio Absmch/
Absg.np for the monomer and deprotonated polymer (2.30
and (.24, respectively) yields a value of 9.1 S for the end-
group content, which is in excellent agreement with the
value calculated from analvtical data (10 ), (see Table
1.
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Figure 5. Infrared spectra of polymer VlIIp in its (A) proto-
nated and (B) deprotonated forms.

TGA analysis of polymer VIIIp in a nitrogen atmosphere
showed a small, gradual weight loss (~9%) occurring at
150 °C, followed by a rapid decomposition at 230 °C. The
deprotonated form showed an essentially similar behavior,
suggesting that the ionic nature of the polymer prior to
deprotonation does not contribute significantly to its
thermal stability. The decomposition temperatures are
similar to those for the ionic polyacetylenes obtained by
us via the quaternization method (240 °C)34 and consid-
erably higher than the ones synthesized by the formation
of donor-acceptor complexes with bromine.®

A characteristic feature exhibited by these ionic poly-
acetylenes is a broad low-energy band (560 nm) in their
fluorescence emission spectra. The phenomenon is at-
tributed to intramolecular excimer formation between the
aromatic side-group chromophores. It appears to be
independent of the polymerization method, since the band
was observed for polyacetylenes obtained via both the quat-
ernization and complexation methods.® It has also been
reported for protonated poly(4-vinylpyridines)!? and iso-
tactic polystyrene.’¢! Inthese ionic polyacetylenes,such
excimer formation is indicative of a highly conjugated
backbone with minimal twist, which is a prerequisite for
efficient stacking of the pyridine rings. Such stacking
seems to be largely due to a strong electrostatic interaction
of each counterion with two adjacent pyridinium rings.

The fluorescence emission spectrum of polymer VI[Ip
in DMSO, however, displayed two bands centered at 500
and 560 nm, whose intensities are similar. The intensity
of the band at 500 nm was independent of polymer
concentration, while that of the latter decreased slightly
with increasing dilution (Figure 6a,b). This phenomenon
is attributed to intramolecular excimer formation by the
side-group chromophores. Itisevident that twodistinctly
different chromophoric groups of approximately equal
number {protonated pyridinium and neutral pyridine
rings) are present in the polymer, substantiating the
proposed structure (Figure 2) which is based on its
analytical data. The band at 560 nm is assigned to the
pyridinium chromophaores, since it was also observed for
the ionic polyacetylenes obtained by previous methods®

Conjugated lonic Polvacetylenes. 5 4061 °

Intensity (arb. units)

1 T 1 3 1
400 500 600 700 500

-4

Wavelength (nm)

Figure 6. Fluorescence emisaion spectra of VIIIp: (A) 6.5 X
10’: g/L, (B) 1.3 X 10~ g/L, and (C) deprotonated form (6.5 X
1073 g/L).

wherein more than 98% of the side-group pyridine rings
were in the quaternized form. The emission at 500 nm is
attributed to the unquaternized pyridine rings which is
expected to occur at a higher frequency. This was verified
by the fluorescence spectrum of the deprotonated form,
which showed a single emission at 500 nm (Figure 6C).
The fluorescence emission due to intramolecular excimer
formation of polymer VIIIp was also confirmed by the
fact that its emission spectrum at 560 nm is essentially
the same as its absorbance spectrum. We believe that,
unlike flexible polymers, these polyacetylenes would not
Jose their excimer emission at very low temperatures due
to their strongly conjugated and rigid backbones that
predetermine the conformation of the side-group chro-
mophore. The configuration required for energy transfer
is, therefore, built up n the polymer chains prior to
excitation. Similar observations were made by Handa et
al.1? for protonated poly(2-vinylpyridine), which exhibits
a “dimer-like excimer” due to interaction between pro-
tonated pyridine rings adjacent to one another. Direct
measurerments of fluorescence at 77 K were, however, not
carried out due to instrument limitation.

The X-ray diffractogram of an unoriented sample of
VIIIp indicates an amorphous scattering with a broad ring
centered at d = 11.8 A, possibly due to a layered structure.
Similar diffraction patterns were also displayed by poly-
(2-ethylpyridinium-acetylene iodide) _btained via the
quaternization method and by poly[(2-bromopyridini-
umyl)-acetylene bromide} synthesized by the complex-
ation method.5 In both cases, the broad small-engle ring
occurred at d = 11.8 A, which suggests that this layered
structure is not dependent on the nature of the atom/
group attached to the pyridine nitrogen located in the
2-position with respect to the polymer backbone. This
reflection may be related to the ordering of the side-group
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pyridinium rings which would be the case if the polymer
chain adopted a trans-transoidal conformation. The effect
of cis-trans stereoregularity in substituted polvacetvlenes
on the X-ray diffraction patterns has been reported in a
recentstudy.!” It was found that. for polyitert-b :tviacet-
viene), the d-spacing increases with increasing trans
content from 8.5 to 10.5 A. The diffraction pattern of
deprotonated VIlIp, however, does not exhibit this char-
acteristic ring. This is probably due to destruction of the
lavered arrangement caused by the increased backbone
twist resulting from deprotonation. Figure 7 shows the
X-ray diffractograms of the polymer prior to and after
denrotonation.

The conjugation lengths based on both IR and UV-
visible spectra for VIlip are, by far, the highest observed
for these ionic polvacetylenes; the spontaneous polym-
erization of 2-ethynvlpyridine via quaternization and
halogen complexation methcds resulted in polymers with
absorption maxima between 370 and 490 nm for the former
method?4 and 470 nm for the latter.® The extended
conjugation observed in these systems in spite of their
substituted backbones is surprising and is in contrast to
substituted polvacetylenessynthesized using coordination
catalysts. Results obtained by us recently from modeling
studies on these ionic systems using dynamic simulation
methods!’ indicate that both the trans-transoidal and the
cis-transoidal conformations possess similar energetics and
are, therefore, equally probable. The energy-minimized
conformere for 10 repeat units are shown in Figure 8. The
trans—cisoidal and the cis—cisoidal conformers are sub-
stantially higher ir. energy. It is also evident from the
study that the counterions in these charged polvacety-
lenes interact strongly with adjacent pyridinium rings,
thereby preventing backbone twisting. This is reflected
by a large electrostatic eneigv contribution that is re-
sponsible for the stability of such conjugated conformers
in these svstems. This unique feature also distinguishes
them from other substituted. uncharged polvacetylenes
that do not possess such extended conjugation of the
backbone. Our modeling study also predicts that the
removal of counterions in these polyvmers (i.e., the un-
charged state) would result in a greater backbone twist
due to steric factors introduced by the substituents in the
absence of the ionic interactions, leading to reduced
conjugation.

A literature survey shows that the conjugation number
n for a polyene may be estimated from the UV-visible
spectra of the conjugated segment present in the polvmer.
This method has been applied by Dai and White,!® who
have correlated the absorption maxima of conjugated
segments obtained by dehydrohalogenation of iodine-
doped 1,4-polyisoprene with the conjugation number n.
Plotting n versus the square of the wavelength for each
absorption, they obtained a straight line, indicating that
the Lewis—Calvin equation, Apa” = kn, is obeved fairly
well.’® This relation, which has been verified for low mo-
lecular polvenes (n = 3-10),%° was shown bv these authors
to be valid for n ranging from 4 to 11. The conjugated
sequences calculated from a single value of k (k was
calculated to be 17 532) gave a good correlation of expected
and found values.'"® The study also concluded that it was
possible to predict the distribution of conjugated sequences
insulated from one another from their characteristic
absorption maxima for n values of up to 11.

In an attempt to verify the applicability of the Lewis~
Calvin equation for these ionic polyacetylenes, the UV~
visible absorption maxima of their conjugated backbones
were correlated with the conjugation number n. Figure
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Figure 7. X-ray diffractograms of VIlip in the (A) protonated
and (B) deprotonated forms.

9 shows a plot of Ap,2(C==C) versus n cbtained for poly-
enes with n = 3-10 that were obtained in the previous
study.?® Extrapolation from this plot for polymer VIIIp
using its Aga(C=C) absorption maximum gave a conju-
gation length n of 16. If the proposed reaction mecha-
nism for the polymerization that involves a nucleophilic
addition to the acetylenic bond in the propagation step
occursin a trans fashion {which is commonly observed for
additions across carbon—carbon multiple bonds), the
product polymer would possess a fully extended, trans-
transoidal conformation through the entire length of the




Figure 8. Energy-minimized conformers of poly(4-methylpy-
ridinium—acetylene bromide) in the (a) trans—transoidal and (b)
cis~transoidal conformations (from ref 17).
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Figure 9. Plot of Agu?(C=C) absorption maxima versus
conjugation number n for polyenes: (a) from ref 18; () this
work.

chain. Suchaconformationisalsopredicted to bea highly
stable one for these systems by our modeling studies.!” If
this is true, the conjugation number n for these polymers
should be equal to their degree of polymerization, DP.
The validity of this assumption was verified for polymer
VIlp by comparing its calculated molecular weight
(assuming n = DP) from the UV-visible spectra with the
experinientally determined number-average molecular
weight (M,) for the deprotonated form obtained by vapor
pressure osmometry (Figure 10a). The agreement between
the calculated and experimental values within the error
of the experiment (£5%) is particularly good. This
suggests that these ionic systems do possess a fully
extended, trans-transoidal conformation through almost
the entire length of the polymer chain. The equation was
also found to be applicable for poly(2-n-octadecylpyridi-
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Figure 10. Plot of VPQ data for (a) deprotonated V1llp and (b)
poly(2-n-octadecylpyridinium-sacetylene bromide).

Table I1
Calculat2d and Experimentally Determined Conjugation
Numbers o and DP for lonic Polyacetylenes

Amax(C=C) n, DP
(nm} cale exptl
530 16" 13¢
12¢
370 8 8¢

¢ From Lewis—Calvin equation Aga:? = kn (Figure 9). * From end-
group analysis, assuming n = DP. * From VPO measurement.

nium-acetylene bromide) which was obtained by the quat-
ernization method by making a similar comparison with
its molecular weight cbtained by direct determination
using VPO (Figure 10b). The degree of polymerization,
DP, of 12 and the molecular weight (M) of 1240 calculated
from the end-group analysis for deprotonated VIIIp (based
onits analytical data and IR spectrum) are also in excellent
agreemerit with experimentally determined ores (DP =
13, M, = 1310 by VPO). This is shown in Table II.
The validity of the Lewis—Calvin relation for the ionic
polyacetylenes implies that the properties of the conju-
gated polymer backbones in these systems resemble those
of the corresponding dimethylpolyenes for which the
equation was deduced. Furthermore, it is evident from
this study that the range of n cver which it is applicable
may be extended to an n value of up to 16. Obviously, the
expression cannot be expected to be valid for high values
of n, since it is known that bond alternation effects in long
polyenes cause the band gap [and A, (C=C)) to asymp-
totically approach a constant value. Based on a band-gap
energy of 2.4 eV for fully trans-polyacetylene, the Apa-
(C==C) saturates at ~625 nm.?! A recent study of the
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K ABSTRACT: Molecular dynamies simulations were carried out on the mode!l systems of a recently reported

0 v aminns new class of aubstituted polyacetylenes possessing extensive backbone conjugation and high charge densities.
i .Sl . Our results show that for-models of these polymers with charged pyridinium substituenta and bromide  _ _
= ’&; counterions, the polymer backbones are highly extended, which is in complete contrast to uncharged, substituted

B Ll polyacetylenes. For the trans-transoidal conformer the counterions located between the positively charged

o el pyridine rings have strong electrostatic attractive interactions with aromatic hydrogen atoms. It is shown

- that the enhanced electrostatic interactions are mainly responsible for the observed planar extended geometry

R - in these ionic polyacetylenes. It is concluded that the Coulomb interactions play a dominant role in the

conformation and dynamics of such systems.

S -

=~ - Substituted polyacetylenes are of considerable interest

T

- ,, introduction
Y S

- because of their stability, solubility, and easy process-
B~ gbility. These polymers, however, lack tl. » high degree of
B conjugation displayed by unsubstitutea polyacetylene,
 awx . making them poor conductors of electricity.! Significant
- interest in substituted polyacetylenes derives from the
B~ work by Masuda and Higashimura.! The lack of conju-
~fra - gation in these polymers is attributed to steric factors
g ;;.' introduced by the substituents, which force the double
DL bondsin the polymer backbone to twist out of coplanarity.
— This is evidenced by their spectral characteristics in the
- UV region that are devoid of strong absorptions in the
' i visiblerange.! Mostaubstltutedpolyacetylenesform clear
== {ransparent or yellow solutions, in contrast to the shmy
S Yo meta.lhc films of insoluble polyacetylene itself. .

s " Severity of the steric hindrance may in fact lead t.o a
" - rigid polymer which is soluble, but whose backbone can
Mace  access limited conformerstates.? Clough etal. have carried
P out extensive molecular dynamic simulations for this class
3= of substituted polyacetylenes.? Their calculations and
ag. experimental evidence! tend to support a chain confor-
f mation that is noncoplanar with several restricted con-
~ former states as the substituents become bulkier. It was
i - 30own that as side groups increase in size and number (for
;—_3: > example polypropyne, polybutyne, and poly(tert -butyl-
£ acetylene)), the backbone conformations become increas-
=== ingly restricted and nonplanar. For poly(1-(trimethyl-
silyl)-1-propyne), barriers to rotation about the backbone
single bond were as large as 40 kcal/mol. It was concluded
- that the rigid noncoplanar conformation established during
. 'Yﬂthesm will be maintained. .
* More recently, Subramanyam and Blumstein descnbed
" th"!?'llthem.s and properties of a new family of substituted
& Polyacetylenes displaying high degrees of conjugation and
Poneumg high charge densities.3¢ Their general struc-
are illustrated in Figure 1. These polyenes as
are black solids and display large bathochromic
- in the visible range of the electronic spectrum in
SRRELS: SOtparison with the starting monomers. Itisevident from
. D¢ Spectr Spectroscopic data that these polymers possess ex-
tensivel ly conjugated backbones. This also confers onthem
certain rigidity and brittleness. They are regdily soluble
: "d are stable up to temperatures of 250 °C analogous to
: "YPropynes, whose structural characteristics have been

M cp B o blaygah ..
|8 m
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Figure 1. Substitutkd polyacetylene with 10 repeat units in the
(a) charged and (b) uncharged states.

previously reported.! Doping with either donors or
acceptors resulted in substantially higher conductivities
(1072 S/cm) compared to the undoped state (<10% S/cm),
which is in support of a conjugated polyene backbone for
these systems.

The presently described polymers are unique with
respect to their long conjugation in spite of high degrees
of substitution. The extensive conjugation observed in
this polymer class is surprising. It is postulated that the
arrangement of the charged species in the side group
architecture and the dominant Coulomb interactions play
an important role in dictating the backbone conformation
and dynamics. Incontrast, the dispersive-repulsive forces
play a dominant role in dictating the nonplanar confor-
mations in the uncharged aubstxtuted polyncetylenes
investigated earlier.?

In an effort to determine the stmc‘tural characteristics
responsible for these phenomena, modeling studies were
extended to a representative polymeric system.? In
particular, it is of interest to understand the factors
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Figure 2. Various conformations of polyacetylene.

respongible for the coexistence of high degrees of substi-
tution and extensive conjugation of the polymer chain, as
well as the role played by the ionic charges in stabilization
of such planar structures.

Calculations

Bond lengths, bond angles, force ¢onstants, and force
field parameters employed in the present calculations were
supplied by Polygen Corp. These parameters were used
either as supplied or after a suitable modification, which
was used in our earlier studies on dynamics simulation of
substituted polyacetylenes.? Molecular mechanics and
molecular dynamics results were obtained using Polygen
Corp.'s QUANTA/CHARMm software on a Stellar
GS1000 graphics computer in our Molecular Design
Laboratory. The dynamics simulation employed the
Verlet algorithm %6

The charged and uncharged forms of the representative
polymeric system (including the end groups) used in the
study are shown in Figure 1. Figure 2 shows the four
possible conformations of each form that were considered
for the calculations.

The calculated potential energy (E,,), kinetic energy
(Evir), and total energy (E o) are given by egs 1, 2, and
3, respectively.

Eoi ™ Epgng tengtn + Eons angle T E ginearal angie T
Eimpropn torsion + Eelectruut.ic + Ev‘n der Waals )

N
E,.= Zm‘-(u,-z) =3/, NkT 2

1=}
Ewul = Epol + Ekin A (3)

where m; and v, are the mass and velocity of the ith atom,
respectively, N is the total number of atoms in the system,
and k is the Boltzmann constant.

The polymer models were created by ChemNote in
QUANTA. Cal~ulations were performed on a chain of
ten repeat units. The charges of the atoms on the side
group were reassigned based on the results from AM1’
calculations on a model compound representing one repeat
unit. The models underwent steepest descents energy
minimization to remove bad contacts. The optimized
structures were then heated to 300 K followed by an
equilibration period. Heating was accomplished by ini-
tially essigning random velocities according to a Gaussian
distribution appropriste for that low temperature and then
running dynamics. The temperature was graduslly in-
creased by assigning greater random velocities to each atom
at predetermined time intervals. During equilibration,
the system was allowed to evolve spontaneously for a
specific period of time by integrating the equations of
motion until the average temperature and structure
remained unchanged. Typically, runs were made with
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intervals of 50-100 ps and a step size of 1 fs. For the
charged polymer, an additional 200 ps of dynamics
simulation was carried out on the trans-transoid (tt),
trans—cisoid (tc), cis—transoid (ct), and cis-cisoid (cc)
conformers. Additionally, 2400 ps of simulation was
performed on selected structures.

Results and Discussion

Charge Distribution. The AM1 method was used to
calculate the charges on the individual atoms for the model
compound representing one repeat unit (Figure 3). The
hydrogen atoms bonded to the ring have the highest
positive charge (0.2), while those of the N-methyl groups
have a smaller value (0.14). A charge of -1 was assigned
to each Br ion. Further, the results indicate that the
substituent (ethyl or ethylene) at the para position with
respect to nitrogen has little effect on the charge distri-
bution in the ring and the N-methyl group. When defining
the charge distribution far the polymer, two hydrogen
atoms (one each from carbons C; and C;) were deleted,
which resulted in the polymer being negatively charged.
To make the system electrically neutral, the charge on
carbon C; in the resulting ethylene group was, therefore,
changed arbitrarily from —0.2061 to +0.02

The charge distribution as calculated by AM1 was
extended to the ionic polyacetylene shown in Figure la
containing ten repeat units for three conformations,
namely, trans-transoid (tt), trans—cisoid (tc), and cis—
transoid (ct). - As expected, the cis~cisoid (cc) conformer
had shght.ly higher energy, with the chain coiling back on
itself, and is omitted in further discussions. The chain
conformations of the tt and ¢t forms with the associated
counterions after 300 ps of dynamics simulation is shown
in Figure 4. The Br- anions that were arbitrarily placed
in the plane of the polyene backbone prior to the simulation
underwent a positiona! change during the dynamics
simulation, as is evident from the figure. The location of
the anion prior to and after simulation for the ct conformer
is illustrated in Figure 5.

In the tt conformer, the Br- ions underwent a positional
change (with respect to their initial placement) such that
they are displaced from the plane of the polyene backbone.
They are closely associated with aromatic ring hydrogens
of adjacent pyridinium rmga (Figure 4a). There are 24
close Br-H interaction pairs whose average distance is
less than 3 A. Twenty of these are from Br-~Heromatic Pairs
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Figure 4. Chain conformations of (a) tt and (b) ct conformers
with associated counterions after 300-ps dynamics simulation,

/o \
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Figure 6. Position of Br- ion with respect to the pyridinium
rings before and after simulation for the ct conformer.

and four are from Br-—Humethylene Pairs. There are no
Interaction pairs involving Br-—~Huew, pairs; this is at-
tributed to the repulsion between the anions that would
occur if they were to be spatially situated for such an
Interaction. In the ct conformer, tLe Br- anions were also
displaced from their initially assigned position after
dynamics simulation. However, in contrast to the tt
conformer, they are located closer to the N-methyl groups
for the ct conformer (Figure 4b), resulting in strong
8itraction with the methyl hydrogens. It was also observed
that the Br- and the methyl hydrogens exhibit strongly
correlated motions. (The distance between two methyl
grgtza on adjacent pyridinium rings was calculated to be
3 AL)

. Itwas observed that the average distance between a Br-
lon and the H atoms on the pyridine rings (numbered 13,
14,15, and 16 in Figure 3) is in the range 2.63-2.91 A for
all the conformers being discussed, with fluctuations in
the range 0.13-0.23 A. No significant fluctuations in the
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backbone rotation were observed after 2400 ps of simu-
lation performed on selected conformers.

Simulations were also carried out on the corresponding
polymaeric system on the corresponding uncharged poly-
mer, i.e., with the charges "turned off”, as well as a charged
system with excess Br- ions (20 Br~ for 10 repeat units of
the polymer). The latter is analogous to a doped system.
The calculated energies and the various components of
these energies are listed in Table 1. Itis evident from the
large increase in E jpcroac that attractive electrostatic
interactions increase substantially upon introduction of
charge compared to the uncharged system. The charged
side groups with the associated counteriops in the ionic
polyacetylene, therefore, play a significant role in stabi-
lizing an extended, planar backbone conformation insuch
systems. The data alsosuggest that introduction of excess
Br-ions leads to an additional increase in the electrostatic
component, indicating greater stabilization of such planar
conformations in doped systems. The irreversible dopant
uptake of, e.g., iodine observed for these polymers®
supports this inference. o

Chain Conformation. The computed energies listed
in Table 1 have been used for chain conformation
comparisons for the tt, ct, and tc conformers. The average
calculated energies for all three conformers were similar
and were within a difference of only ~5 kcal/mol, per
repeat unit. The average fluctuation of the dihedral angles
and the rotations of the backbone single and double bonds
from planarity are shown in Table II. It is ocbserved that
for each of these structures, the deviation of the backbone
conformation from planarity is not significantly large. Also,
the average deviation of the dihedral angle from planarity
for the backbone single bond is smaller for the charged
polymer than that for the unchanged one, which is
indicative of an additional stabilization of the planar
structure in the charged polymer. This deviation is also
smaller than those calculated for polyacetylenes substi-
tuted with uncharged bulky side groups.?

An alternative method was also employed to confirm
the extended chain structure in these ionic polyacetylenes.
It involved an estimation of the end-to-end distance of
the chains of finite length (ten repeat units). The end-
to-end distance is defined by the length of the straight
line joining the mass centers of the two end groups of the
model polymers. This distance was estimated to be
between 19 and 21 A for all three conformers that were
investigated, which ‘is indicative of an extended confor-
mation. This observatiop is also consistent with the

spectral characteristics of these polymers, which confirm

an extended backbone x conjugation.. . -

Thereiative distances and orientations of the side group
pyridinium rings with respect to each other in these ionic
polyacetylenes was also estimated. Such estimates were
obtained for both the charged and uncharged polyene (i.e.,
with the charges “turned off™) and are listed in Table II1.
It is evident that the distances between the mass centers
of any two neighboring rings generally incresse when the
charges are “turned off™, since the steric factors force them
away from one another. This resultsin a loss of planarity
of the polymer backbone with a concomitant loss in chain
extension.

The average dihedral angles between the backbone and
the side group pyridinium rings are approximately 19, 32,
and §7° (from 90°) for the tt, ct, and tc¢ conformers,
respectively, where 90° indicates that the ring plane is
orthogonal to the backbone. The simulations suggest
planar stacking of the aromatic side groups for the tt
conformer (Figure 48). The substantially larger dihedral

TR TR Gt PR VIR ST~ ¥ T ey e e
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Table I
Components of the Potential Energy” of the Mode] Systems with 10 Repest Units
model type (tt) Evual E Egw Evond E prgie Edined Enp:
uncharged model 167 -15 28 31 “ 46 33
charged model with 10 Br- 26 -183 22 33 61 54 39
charged model with 20 Br- -126 -323 11 33 61 57 35
°in kqﬂmol per repeat unit.
Table I1 aromatic rings is indicative that the tt conformation is

Average Backbone Rotation and Dihedral Angle
Fluctuation for Various Conformers

av backbone rotation (deg)  av dibedral angle fluct (deg)
single bond double bond singlebond  double bond
conf chr unchr chr unchr chr unchr chr unchr

68 212 36 8.2 7.3 82 50 6.2
185 138 43 7.5 6.9 81 47 5.2
206. 303 7.2 5.2 82 128 5.2 5.9

Table 111
Distance between Mass Centers of Pyridine Rings for
Charged and Uncharged States

dist between mass centers (A)

assg

conf ring no.° chr unchr
tt 1and 2 3.26 3.97
2and 3 3.53 4.87
3and 4 3.29 4.91
dand5 3.53 5.16
Hand 6. 3.28 5.07
6 and 7 354 - 4.98
_ 7and 8 3.18 367
tc land2 503 6.28
- 2and 3 5.44 5.86
3and 4 5.61 6.09
4and 5 4.27 5.96
S5and 6 3.47 5.92
6and 7 4.30 5.98
- 7Tand 8- - 472 6.29
ct land 2 5.63 6.79
2and 3 4.90 6.34
3and 4 4.93 6.01
4and 5 548 6.27
4and 6 4.52 4.85
6and 8 3.97 4.91
7and 8 5.28 6.08

¢ The ring numbers correspond to the numbering scheme indicated
in Figure 1.

.....

consistent with larger deviations of the backbone from
planarity.. The fact that the charged polymer model
invesigated in this study displays a long-wavelength
fluorescence- band . in its emission spectrum® due to
intramolecular excimer formation between the pendant

-~
R

favored over the ct and te¢ conformers in these ionic
polyacetylenes.

Conclusions

The present study shows that the preferred chain
conformations of substituted polvacetylenes with ionic
side groups that are associated with counterions are planar
and highly extended. They resemble unsubstituted poly-
acetylene in this regard but are in complete contrast to
their counterparts where the substituents are uncharged
and bulky. Inunsubstituted polyacetylene, the backbone
¥ conjugation plays an important role in dictating the
planar extended structure as the preferred conforraation.
In uncharged substituted polyacetylenes, the steric in-
teraction of the side groups plays a dominant role in
dictating a rigid but nonplanar backbone conformation
without » conjugation. Inthe presently described systems,
the electrostatic attractive interactions between the
charged side groups and the counterions override the steric
repulsive interactions between side groups, resulting in
an extended and planar geometry for the backbone.
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POLYMERIZATION OF ETHYNYLPYRIDINIUM
TRIFLATES: IONIC POLYACETYLENES WITH
EXTENSIVELY CONJUGATED BACKBONES

Sundar Subramanyam and Alexandre Biumstein’

Department of Chemistry, Polymer Program
University of Massachusetls
Lowell, MA 01854

{*)To whom correspondence shouid be addressed

Introduction:

Substitution at the backbone carbons of polyacetylene with
various groups offers advantages of better processability and greater
oxidative stability compared to unsubstituted polyacetylene, but
results in substantial lowanng of electrical conductivity and third

order non finear optical susceptibility (x3). This is mainly due to loss
of conjugation arising from twisting of the polymer backbone as a
result of untavorable steric interactions between the substituents.

We have recentily reported the synthesis of a new class of
monoe and disubstituted ionic polyacetyienes with extensively
conjugated backbones (1-6). The srtuctura! features of these
polymers are unique with respect to their ionic nature, high degrees
of substitution and extensive backbone conjugation. These
polymers contain pyridinium ring substituents that are associated
with halide or methanesuifonate counterions. The conjugation in
these systems despite presence ot substitutents is attributed to
strong electrostatic interactions between the pyridinium ring
substituents and the counter ions, which predominates over steric
tfactors that are responsibie for twisted backbones(5,6) in uncharged
systems.

The polymarization reaction involves activation of the
acetylenic inpie bond in ethynylpyridines by different methods such
as quaternization via a Menschutkin reaction (3,4), formation of
danor-acceptor complexes with bromine (5} and by protonation by a
strong acid (6). All methods result in transient activaled species that
undergo spontaneous polymerization, and are limited by relatively
low molecuiar masses (..4000) for the praduct palymers. This may
be attributed to a relatively siow activation step (which results in tow
concentration of the activated species) compared to rapid
propagation and termination steps. In view of this, an alternative
method was sought for a more rapid activation of the monomer.
Such methods involve use of a highly reactive quaternizing agent
that enables the isolation of the activated ethynyipyridinium salt as a
stable imermediate.

A new route for polymaerization of the acetylenic bond in
ethynyipyndines is described. Unlike previous methods whersin
quaternization resutted in spontaneous polymerization of the
acetylenic bond, the present method affords isoiation of the
activated monomenc species in the form of alkyipyndinium sahs.
Polymerization of the activated monomers when initiated with
nucieophiies such as pyndine resulted in substituted, ionic
polyacetylenes with extensively conjugated backbones. Scheme 1
shows the monomers and proposed stnictures for the polymers
obtained by the present method.
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were obtained from Farcnan Laboratones and distiieq
vacuum before use. Trfluoromethane sulfonate was oh
Aldrich Chemical Company and was used without tu
purification. Pyridine and DMSQ (Aldnch) were distilied p
Maeasurements: Infrared specira were recorded on a p
1600 Series Founer transform spectrophotometer using
UV absomption spectra were obtamed at 22° C in DMSO ¢

measurements were maoe in DMSO at 28°C using a
Ubbelohde dilution type viscometer.

N-Methylethynylpyridinium trifiates I, Il Were synthesized| o
mathod described by File et al. {7) by reacting the eth

anhydrous dichloromethane. The pyndinium satt was pud
recrystallization. Cea

‘ -t
Genaral procedure for polymerization: The aChvated mom‘.‘.’{
(0.2g) was dissotvad in anhydrous DMSO (Smi). This was s
a stirred solution of pyridine (0.002g) in 5mi of DMSQ a1 207
reaction mixture was stirrad for 24 hours and the scivem recliii
under reduced pressure to yield a dark solid. This was exragig’
with ether and dned 10 yield the polymer as a black powtor 38"

The polyacetylenes ip and llp obtained from the reachogg.
manomers | and |l respectively with pynidines possess highly M-
conjugated structures as is evident from their abscrption sp
Both polymers show absorption maxima abave 600nm for i
unsaturated carbon backbone in the UV visible spectrum.
conjugation lengths are substantially higher than thosa for Y :
polyacetyienes obtained by previously reported methods. Tebllg
shows a comparative iist of the absorption maxima {or ionc e
polyacetyienes obtained by us by various activation processey ik
the conjugation lenghi.s based an theoreticat caiculations asd
a trans-transoid conformation for the polymers (6,8). Molecul
dynamics calculations on these sustems indicate that this
conformation is a stabie ane tor such ionic structures {9). The 34
absorption maxima for both polymers la and Ib are close 1o thal .
trans-polyacetylene (630nm) and are, by far, the highest repoiig
for substituted polyacetylenes. The C=C-H and the C=( band
3290 and 2109 cm™! respectively in the infrared spectrum of thid
starting monomer are replaced by & broad band at 3400 om i

(nydrogen bonded ring C-H) and a strong one at 1612 cm! (
Figure 1 shows the infra raed spectra of monomer | and polyme

“The polymerization of the ethynyipyridinium tritiate salts
1l is readily initiated by nucleophiies such as pyndine or tnphefs
phosphine. A similar polyrmenzation mechanism has been el
for the corresponding 4-vinylpyndinium trifiate sahs (7,10 ). /
previous methods the present palymerization involves & non |
spontaneous process wherein the activation step i1s separgted NEg
the nucleophile initiated polymenzation. A possible faorin b ':
is thus avoided. The molacular masses of the rasuting paly! -
however, slightly higher than those obtained by spontaneous xsh
processes. Optimization of reaction conditions tor improvemen{
molecuiar masses in these systams is under investigation. W&
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Table 1. Absorpiion maxima and conjugation lengths (n} of ionic s
polyacetylenes synthesized by difterent metnods J
3.:The presently described polymerization reaction of

yipynidinium trifiates initiated by nucleophiles offers a new

Method Amax (C=C)@ n® M)y Ret.
3 g for the synthesis of highly conjugated, substituted {nm) (calc.) di/g
iR plyacetylenes. Unlike the spontaneous processes described
- i sly for the synthesis of such systems, the present method
;: ' pives isolation of the activated pyridinium saft and a ' Menschutkin 440-490 4-10 0.2 3.4
H holymerization reaction that is non spontaneous. The resufting reaction
N ors have greater conjugation lengths and higher molecular N
¥ s than the former methads. Optimization of reaction Halogen 450 8 0.1 5
. Bonditions for improving molecular mass is currently in progress. complex
{ KR .
Z , S Protonation - 530 15 0.2 6
g
5 ~~The support of the NSF Palymer Program under grant OMR Triflate salt 610 22 0.3 this
& 084 and the Office of Nava! Ressearch is greatiully work
R & From UV-vis. spectra in DMSO at 22°C
— L b From Lewis Caivin equation (Ref. 8)
1 Blumstein, A.; Subramanyam, S., U.S. Patent, 5,037,916, €in absolute methanol and DMSO at 28°C
Bl (1991). :
- Blumstein, A.; Subramanyam, S., U.S. Patent, 5,037,916,
.- (1992).
L™ Subramanyam, S.; Blumstasin, A., Makromol. Chem. Rapid .
" Commun., (1991), 12, 23.
4. Subramanyam, S.; Blumstein, A., Macromolecuies, (1991), 24, q/"\‘ "l 3
- - 2668. i AT} -
. .-~ Subramanyam, S.; Blumstein, A., Macromolecules, (1992), 3 ' | 'V '
wimlsert: . in press. ) . : ;‘ :
e b Subramanyam, S.; Blumstein, A., Macromolecules, (1992), 1 i < LI | g ¥
L in press. ! H : 4 g
1. Fife, W.K.; Ranganathan, K.; Zeldin, M., J. Org. Chem., (1990), i ' o
-. 55, 5610. ] i . i K
-~ Dai, L.; White, J.W., Polymer, (1891),32(12), 2120. a O . o
9. Clough, S.B.; Sun, X.F.; Subramanyam, S.; Biumstein, A ; : oo T -
&' _ Tripathy, S.K., Macromolecuies , submitted. e | :
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tion gave polymer while in methanol it led mainly to dimers. The reaction was monitored
by IR and UV-visible spectra and the structure of the products were confirmed by NMR
methods., The reaction was first order with respect to both the initiator and the mono-
mer. Evidence is given for an anionic mechanism.
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vhigh degree of substitution and exlensive backbone conjugation.

" Ionic polyacetylenes with conjugated back- |

bones: kinetic investigation of the polymer- |
ization of 2-Ethynylpyridinium methyl tri-
flate.
Lajos Balogh and Alexandre Blumstein*
Polymer Program, Department of Chemistry
University of Massachusetts Lowell
Lowell, MA 01854

(*) To whom all correspondence should be addressed

Intraoduction:

We have recently reported the synthesis of a new class of |
mono- and disubstituted ionic polyacetylenes with extensively
conjugated backbones [1-7].These polymers contain pyridinium
ring substituents associated with halide, methanesulfonate or
trifluoromethanesulfonate counterions. The structural features
of these polymers are unique with respect to their ionic nature,

These polymerization reactions involved a salt formation
between the pyridine ring and the counterions formed from the
quaternizing agents /or strong acids. The use of a highly reac-
live quatemnizing agent such as methyl trifluoromethanesul-
fonate enabled us to isolate the real monomer, ie., the
ethynylpyridinium salt. Polymerization of this monomer when
initiated with nucleophiles such as pyridine resultcd in substi-
tuted ionic polyacetylenes. A chain-polymerization anionic
mechanism was proposed for the formation of thesc ionic poly-
acetylenes [8] based on analogy with vinylpyridine.

Expcrimental:

2-Ethynylpyridinc obtained from Lancaster Synth. Inc.
was distilled under vacuum in nitrogene atmosphere before use.
Pyridine (anhydrous) and mecthyl trifluoromethanesulfonate
was purchased from Aldrich and werc uscd as rcceived.
Methylenechloride was distilled. from P205 twice. Other com-
mon solvents werc distilled before use.

IR spectra were recorded on a Perkin Elmer 1600 FT-IR
spectrophotometer between CaF2 plates. UV-visible spectra
were obtained on an IBM 9420 spectrophotomeler at room
temperature. NMR mecasurcments were carried out by a
Bruker-270 SY multinuclear spectromelter.

Synthesis:

N-Methylethynylpyridinium triflate (1) was synthetized
in a MBraun 150M stainless steel glove box (Innovative Tech-
nology Inc.) under dry nitrogen atmosphere (H20 and O2 less
than 1 ppm) by reacting the 2-cthynylpyridine with a slight ex-
cess of methyl trifluoromethanesulfonatc in anhydrous
methylenechloride at -20 ©C. This stable salt was used in the
kinetic investigations after washing and drying.

Polymerization: '
The monomer salt was dissolved in 5 ml of solvent at

room temperature (23 ©C) and the calculated amount of nucle- |

ophile was added by microsyringe during vigorous stirring on
a Vortex mixer. A sample was mecasured i1to a Perkin Elmer
FT-IR circular demountable cell (0.5 mm) and the disappear-
ance of the C=C bond was monitored in the successive spectra.
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In addition UV-visible spectra were also taken between 200 and
900 nm in order to follow the reaction. ‘

For polymerization in pyridine a threc-neck flask
equipped with stirrer and condenser was used. The thoroughly
ground solid triflate salt (54 mmol, 14.45 g) was added into
'100 ml anhydrous pyridine under vigorous stirring. After 30
mins the solvent was evaporated on rotavap and the resulting
black material was dissolved in 40 m! of mcthanol and then
precipitated by 160 ml dicthylether. This procedure was re-
peated three times 1o remove the low molecular weight
oligomers. Finally the product was washed with dicthylether

as a black solid (yield = 96 %).

Results and discussion:
Polymerization in pyridine:

Polymerization reactions in acetonitrile or DMF initiated
with pyridine did not result in 100% conversion cven in four
days at room temperature, but after a rapid polymerization
slowed down and finally stopped at incomplete conversions.
However, when the reaction was carried out in  anhydrous

pyridine, i.e., in the solution of the initiator itself, instcad of : .|

oligomers polymer was formed in an exothcrmic reaction. The
average degree of polymerization was measured by 14N NMR
and was found equal to sixteen. The polymerization was com-

and dried under reduced pressure at 40 ©C o yield the polymer -

pleted within minutes revealing the fact that the rate of initia- .
tion is much lower than the rate of propagation and therefore

the initiation is the rate determining step.
|Oligomerization in methanol:

¥
clarify the nature and kinetics of the oligomerization. The tri-
flate salt dissolved in mcthanol proved to be a stable solution

Pyridine initiator and methanol solvent were used to {

(oligomerization was less than 1 % in one weck at room tem-

perature). Methanol, being a polar protic solvent dissolves the

reactants well and terminates the growing chains leading to .- ;

dimers and low molecular weight oligomers. These oligomers
display sharp NMR signals in contrast to polymers which IH

and 13C spectra show complicated overlapping patterns. How-
ever, the initiation step itself is not influenced by the protic

nature of the solvent and does solely depend on the concentra-

tion and activily of nucleophiles present in the systcm.

The reaction between (1) and pyridine in methanol shows -

a linear In[Mo/M] versus time function in the {irst stage, i.e., an
apparent first order dependence with respect to the monomer
concentration (Figure 1). (In the second stage of the oligomer-
ization this function bccomes curved possibly as a result of the
chain transfer to the solvent.)

Varying the concentration of the initiator the kinetic or-
der for pyridine is also 1.0 (Figure 2). The nucleophiic-
monomer adduct (II) reacts rapidly with the monomer to give
oligomers. Duc to a rapid proton-transfcr the products are
mainly dimers (I1I) and low molccular mass oligomers
(Scheme 1). The structure of dimer(I1l) was confirmed by 'H,
13C and 14N NMR.

Increase of the monomer concentration led to decreasing
reaction ratc in similarity to the ionic nucleophilic substitutions
wherc only the dissociated ions arc rcaclive.
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Conclusions:

" The kinetics of the polymerization of N-Methyl-2-ethy-
nylpyridinium triflate initiated by pyridine was investigated in
methanol and pyridine at room temperature. The oligomeriza-
tion in methanol enabled us to separate the dimer and determi-
ne its structure with 1H, 13C and 14N NMR. The mechanism
displays the characteric...s of an anionic polymerization. The
reaction is first order both with respect to the initiator and the
monomer. Dissolving the triflate salt in pyridine results in fast
formation of the polymer indicating that the rate of propaga-
tion is much higher than the rate of initiation therefore the lat-
ter is the rate determining step. The exact nature of termination
is under investigation. '
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Figure 1.: Reaction of N-Methylethynylpyridinium triflate with
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Scheme 1.: Oligomcrization in methanol initiated with pyridine.
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Department of Chemistry,Polymer Program,University of Massachusetts.
Lowell, MAD1854 |

b)Telephone:(508)934-3685;FAX: (508)453-6586
c)Dr,Ken Wynne,Program Manager,Polymer and Organic Chemistry, ONR.

d)Study of the family of novel poiyacetylenes discovered in our
laboratory in 1990 : extensively conjugated substituled ionic
polyacetylenes.This novel polacetylenes are soluble ans stable up to 200

©C in air.They display conductivities when doped with iodine or TTF of up

to 5.10-2 S/cm.We found the acetylenic triple bond sufficiently
activated by quaternization to undergo polymerization with a number of
diferent initiators not only anionic but free radical.These polymers are
being studied with respect to their conformation(modelling) ,their bulk
properties{(conductivity,optical properties such as NLO properties,film
forming properties and last but not least the kinetics of polymerization
which we hope will allow us to understand the mechanism(s) of
formation of these rather unusual systems and to maximize their DP and
their conjugation length which at present does not exceed 15-20.

e)The ONR support 1992-1993 allowed us to separate the two initiation
reactions: the quaternization of the ethynyl pyridine (leading to the
preparation of the monomer) and the initiation of the separated and
quaternized monomer with a nucleophilic or a free radical initiator.This
in turn paved the way to make a serious attempt at the understanding of

the kinetic mechanism.
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In addition to the study of kinetics we have discovered a
solvatochromic effect prevalent in the radically prepared polyacetylene.
This effect is explained hypothesizing a structural difference between
the anionically prepared polymer and the free radically prepared one.lt is
to be pointed out that the unique feature »f these polyacetylenic bearing
a moiety susceptible to charge transfer conjugated to a conjugated
sequence of double bonds in the backbone may allow for solvatochromic
effects hitherto unknown for poly(monoacetylenes).

Finally, the ONR support allowed us to contribute to the modelling of
such nove! structures with the interesting result that extensive
substitution of the triple bond does not preclude long conjugation in the
polymer which is stabilized by the ionic framework.

f)\We expect to understand better the mechanism(s) leading to formation
of substituted ionic poly{acetylenes)

and to maximize the DP and the conjugation !ength and improve the
overall bulk properties of these ionomers through the continuation of the
kinetic study.

We expect also to study the potential applications of these polymers
in the area of NLO,in the field of electroactive films. Of interest is also
the study of composites of these polymers with halogenated ionomeric
matrices(such as nafions for example) to explore the potential of these
systems as membranes in separation techniques involving acqueous
media.

These studies are of course contingent on continuous support of this

project.

g)Dr.Lajos Balough, Research Associate and Visiting Scholar..Mr.
C.Feng(grad.student)




PART Il




H' N NN ol
{ 2 3 4 b 6 7 8 9 10

- Her Nt e ot a o oot o

"I UCHyTCHy CHy -CHy- CHy CHy - CHy -CHy CHy CH,

T, ' Substituted polyacetylene mth 10 repeat units in the
(a) cha.rged and (b) \mchnrged states. .

Y
;‘

The most probable chain conformation (trans-transoid) of the
ionic substituted poly(4- ethynylpyndmnummethyl bromcde)

e E T Vi

TS Y BTSL W S I v P v % — - —— PR - IR

tourasasres- BT EI 5 AR SR | ATU'S 1 45 " JT1 W ST RrsnyT T 1 s 1 1 ey T W T WY ¥ WO g ¥ % b ———— e oo e -




|

v/
HC CHX~
N Sc \Cn
O + JCH:! [ + ‘CH:;
M CF3S0,
CF,50,
C.T.complex formation
Anion migration
Zwitterion generation
CH
TN CH
N “SCH + A
O ' , ﬂﬂ ON = Oligomerization
+ 4CHg — . CH, T
CF;S0, CH;O - or polymerization
™3 3 - CH,OH CF3S0,4 poly

Reactivation by
excess nucleophile - Py
- CHSOH

. / PyH+
ON T
+ 4CH,
CF,S0, CH,0

The mmatlon and propagat:on steps of the polvmerlzatlon of
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D This year the effort was concentrated on increasing the DP of ionic
substituted poiyacetylenes.This necessitates some understanding of the
kinetic mechanism of the polymerization reaction whi_ch appears to be
complex and to defy a standard classification.

We have succeeded in separating the overlapping quaternization and
polymerization reactions which inhibited the study of the initiation and
propagation steps.This was achieved by using a very fast quaternization
agent- methyl trifiate.lt lead to the isolation of the pure monomer the
2-ethynylpyridiniummethyl triflate.We have thus been able to study the
mechanism of polymerization and to follow the kinetics of
polymerizétion thrbugh the oligomerization into the polymerization
stage.ln addition, new solvatochromic phenomena were observed with
oligomeric structures produced by free radical opening of the triple bond
which appears to be sensitive not only to ionic but also to free radical
initiation.The extensive conjugation of the backbone and of the charge
bearing substituent appear to have important implications in charge
transfer phenomena occuring within these novel polymer structures.
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